Summary. Routes of alphaviral entry have been studied with the transformed human endothelial vein cell line ECV 304. This cell line can be cultured on tissue culture inserts which permits apical (lumenal) and basolateral (ablumenal) cell surfaces to be infected and observed separately. Semliki Forest Virus (SFV), a prototype alphavirus, was able to infect and replicate from both the apical and basolateral sides. Transcytosis is not the route by which SFV passes the endothelial cell barrier as demonstrated by polarised infection of junctionally tight ECV monolayers in which translation was inhibited. A " grow-through" replication may play a role in SFV pathogenesis. Infected ECV cells produced interfering substances that inhibited viral infection. Higher multiplicities of infection resulted in infection and complete destruction of the monolayer.
Introduction
Semliki Forest virus (SFV) is a positive-stranded RNA virus that causes extensive cytopathic effects in a number of susceptible human and animal cell It is one of the best studied viruses of the genus Alphavirus belonging to the family T~gaviridae.~ Alphaviruses have a worldwide distribution and cause many clinical syndromes, encephalitis being the most dangerous c~mplication.~ Although there is a wealth of information on the structure and assembly of alphaviruses,6 information on the pathogenesis of alphavirus infections is scarce. Mosquitoes transmit the virus through their bites. Infectious virions are present throughout the whole lifespan of the insects and survive in their salivary glands.' However, at the molecular level some enigmas remain. It is unclear how the virus, once inside the host's body fluids, succeeds in passing from the blood to the tissue to cause its dramatic effects. Alphaviruses enter the cells by receptor-mediated endocytosis.'-ll Attachment to the plasma membrane occurs preferentially to microvilli and is followed by lateral movement of the virus to coated pits. 12 The engulfed coated pit forms a coated vesicle,13 which itself is rapidly uncoated14 and taken up by an endosome. However, direct fusion with the plasma membrane has also been 0b~erved.l~ ATP-dependent proton pumps16 lower the pH to < 6.2 which leads to the fusion of viral and endosomal membrane^^'-^^ thus allowing the nucleocapsid to penetrate finally into the host cell's cytoplasm. The nucleocapsid is uncoated, which liberates the viral RNA. This will then be translated to produce progeny virus.
The first cells encountered by the virions are the blood mononuclear cells.23 All mobile blood mononuclear cells are known to be infectable with a l p h a v i r~s e s .~~-~~ Thus a possible entry route is the migration of l e u c~c y t e s~l -~~ through the endothelial lining of blood vessels. Another entry mechanism might be infection of endothelial cells themselves.
Endothelial cells are highly polarised, their apical (lumenal) plasma membrane having a composition 
Material and methods

Chemicals, bufers, media and cells
All chemicals were of analytical quality. Horseradish peroxidase type I1 was from Sigma and kept frozen as a 0.1 pg/ml PBS A (137 mM NaC1, 2.7 mM KCl, 8 mM Na2HP0, x 12 H20, 1 3 mM KH2P0,) stock solution at -20°C. ECV 304 (a generous gift from Dr Takahashi, National Defense Medical College, 3-2, Namiki, Tokorozawa, Saitama, Japan) and human umbilical vein capillary endo t helial cells (HUVEC, isolated according to Thilo-KOrner3'* 43 with collagenase 0.1 Yo, Sigma, type VII in PBS A) were grown in Medium 199 containing glutamine and antibiotics (Gibco Paisley), supplemented with heat inactivated fetal calf serum (FCS) 10 YO. Plaque assay was performed in Vero cells grown on six-well clusters (Costar, Cambridge, USA) in DMEM (Biochrom, Berlin, Germany) supplemented with FCS 10 YO, penicillin 100 IU/ml, streptomycin 100 ,ug/ml and 2 mM glutamine. Complete medium 199 with cycloheximide 200 pg/ml was prepared freshly before each experiment.
Virus and infection
SFV was grown in C6/36 Aedes albopictus (insect larvae) cells and isolated according to Kaariainen and go ma to^.^, Samples were stored at -80°C in sucrose 60 YO w/v. Plaque forming units (pfu) were determined by plaque assay. For each series of infections a fresh sample of virus was used. The virus titre was 6.3 x lo8 pfu/ml. Cells grown on Costar Transwell@ tissue culture plate inserts (pre-treated for 2 h with fibronectin 0.04 % in PBS A) of 6.5 mm diameter and 3 pm pore size were infected either from the lumenal (apical) or ablumenal (basolateral) side with stock virus diluted in Medium 199. In the course of infection, 50-pl volumes were collected either from apical or basolateral supernates at times < 24 h post-infection (hpi) to avoid collecting during cytopathic effect (CPE) and replaced with fresh complete medium. The samples were analysed by plaque assay.
Enzymatic assay of cell monolayer tightness
A modification of the o-dianisidine enzymatic assay45 was used. A substrate mixture composed of 6 ml of 40 mM NaH,PO,, 2 pl H,02 30 % and 50 pl odianisidine 1 YO in methanol was prepared. To each 900 pl of this substrate mixture, 100 pl of a solution to be assayed was added in a 1 cm quartz cuvette and the increase in absorption at 560 nm was determined as a linear function of time. Horseradish peroxidase (HRP) (100 pl of a 0-1 pg/ml solution) was used as reference and set to 100% activity. In principle, ECV 304 monolayers were considered to be tight if less than 2.5 YO of the administered horseradish reference solution passed the cell monolayer either from the lumenal or ablumenal side within 2 h of diffusion time. This value corresponds to the naturally exocytosed HRP after
Tightness was assayed at the beginning and at the end of each experiment.
Determination of intracellular virus
Intracellular virus was determined by plaque assay after lysis of cells by repeated freezing and thawing. Briefly, cells were washed five times with PBS A, subjected to three freezing and thawing cycles, scraped off their support with a rubber rod (Costar) and homogenised with 10 gentle strokes in a tight fitting Dounce homogeniser with PBS A.
Infective centre assay
Davey and D a l g a r n~.~~ Infective centres were counted as described by
Results
Susceptibility of ECV 304 to SFV infection
ECV 304 (passage 70-90) cells were grown to confluency in 75-or 25-cm2 bottles and infected with SFV. At various times (h) post-infection (hpi) the virus titre in the supernate was determined by plaque assay ( fig. 1) . ECV 304 shows a typical viral replication curve. However, while infecting cells with low multiplicities of virus/cell (MOI) no cytopathic effect (CPE) could be observed even up to 6 days post-infection (table I). The cells were still confluent and lowering the pH of the medium to pH 5.8 for 30 min did not induce the formation of syncytia, as has been observed in SFV-infected Aedes albopictus cells. This contrasts to the observed cytopathic effect induced by low multiplicities of SFV on HUVEC ( fig. 2a) . Only higher multiplicities of SFV induced CPE on ECV 304 cells ( fig. 2b) . After repeated washing and freezing and thawing of infected cells, intracellular virus could be detected (data not shown). There was a good correlation between MOI and infective centres at higher MOI (table 11) . These results suggest a possible persistent infection of ECV with SFV at low MOI challenge.
Product ion of in terferon-like mediators
To clarify whether the production of interfering substances could account for the observed dose dependency of CPE, culture media from infected ECV monolayers (100 MOI, 25 cm2) were collected at 15 centrifugation for 1.5 h at 150 000 g . The upper half of the resultant supernate was used as medium for reinfection of fresh ECV monolayers (100 MOI, 25 cm'). One culture bottle was infected during addition of fresh medium and samples of all of the extracellular media were collected in the course of infection. The older the medium was, the lower became the extracellular virus titre ( fig. 3a ). To rule out a possible influence of depletion of essential nutrients in the medium, it was collected from uninfected cells cultured for 0, 15, 40 and 130 h. The recycled media were then used during infection of fresh confluent ECV cultures. No difference in extracellular virus production was observed ( fig. 3b) , hence the age of the uninfected ECV medium had no measurable effect on viral replication. Thus SFV-infected ECV cells are capable of producing interfering substances, which inhibit subsequent SFV production. 
Transcytosis assays
Vero cells grown to confluency on Transwell@ membranes were used for comparative studies. Their tightness had been tested as described and results are reported only if monolayers were confluent at the beginning and at the end of each experiment. The Vero cells could be infected from both the basolateral and apical sides. In the course of infection, budding virus was detected in both the apical and basolateral supernates regardless of the side of infection (data not shown). To examine whether incoming (parental) virus could be transcytosed through the Vero cell monolayer, 5Opl of the SFV stock solution suspended in 500 p1 of complete medium 199 containing cycloheximide 500 pg/ml (to inhibit translation) was added to the apical or basolateral side in parallel assay of tight Vero cell monolayers. Addition of cycloheximide had no effect on cell monolayer tightness during the course of the experiment. Every 5 h the cycloheximidecontaining medium was reconstituted. Over a 15-h period transcytosed virus could not be detected by plaque assay.
The same experimental design was applied to tight ECV monolayers. They were achieved by plating out one 75-cm2 bottle of confluent ECV 304/two inserts. After 24 h, the basolateral medium was replaced. Tightness was detected irregularly at 2-4 days after seeding. This might be due to the existence of tiny areas uncovered by cells at seeding which take more time to overgrow completely.
Fresh SFV stock solution (10 pl) in medium 199 containing cycloheximide 500 pg/ml was added to the basolateral or apical side of the cells respectively and the course of infection was followed by plaque assay. Every 5 h the cycloheximide-containing medium was replenished on each side. No transcytosed virus was detected over the 15-h observation period.
Budding of SFV from the apical side of ECV cells
Tight ECV monolayers were infected from the upper side as described above and samples were collected from the apical and basolateral sides over a 24-h period. Extracellular virus titre rose on the apical side ( fig. 4) , whereas virus particles could be detected by plaque assay basolaterally only late in infection (n = 2). No viral replication was detected at the apical side.
Budding of SFV from the basolateral side of ECV cells
Tight ECV monolayers were infected from the lower compartment (basolateral side) as described above and samples were collected from the apical and basolateral side during the course of infection. Extracellular virus titres rose on the basolateral side ( fig. 5 , n = 2), whereas infectious virions could be detected apically only late in the infection.
Discussion
The present study shows that ECV 304 transformed human umbilical vein capillary endothelial cells provide a useful model to study alphaviral pathogenesis. Like HUVEC,47 ECV cells can be infected and produce interfering substances. ECV cells are especially capable of coping with viral challenge at low MOI, when the production of interferon substantially hinders cytopathic effects. The tightness of intercellular junctions cannot reliably be assessed microscopically. Some apparently densely tight ECV monolayers permitted the passage of up to 11 % of the reference enzyme solution. Recently, Dropulic and Masters determined the confluency of their cell monolayers by colouring them with haematoxylin and eosin and checking by eye.48 They found preferential apical budding at a ratio of about 10: 1 for SFV strains infecting mouse brain endothelial cells from the apical side. 48 The basolateral budding detected in the mouse brain endothelial cell system could be caused by some leakiness of their monolayers, as tightness was not tested. The present results suggest that tight monolayers of endothelial cells might slow down a " grow-through" mechanism of infection, either from the apical or from the basolateral side, since " grow-through virus" is detected only at 20 hpi, whereas at 5 hpi viral titre was already detectable at the side of primary infection. SFV can also infect from the basolateral side, making re-infection of primarily apically infected cell layers possible. The apical infectious virus titre after basolateral infection did not rise as high as the basolateral infectious virus titre after apical infection (figs. 4 and 5) . A possible reason might be the influence of gravity. Unfortunately there is no commercial system available to reverse the orientation of the cells so as to obviate this problem.
Transcytosis is apparently not the method used by infectious SFV to pass through tight ECV monolayers, although transcytosis has been reported for other virus-endothelial cell and is a common vesicular transport mechanism.50 It is possible that cycloheximide might block the intracytoplasmic uptake of virus by blocking endosomal fusion.'l Firstly, the cycloheximide block is incomplete52 and secondly endocyt~sis~~? 54 and ~n c o a t i n g~~ are rapid events, being completed for most of the incoming virus within c. 1 h. Cycloheximide is known to be active only after a 1-h pre-in~ubation.~~ Therefore, cycloheximide should be inhibiting the production of progeny virus only in the transcytosis assay. The salient finding of the infection studies with cycloheximide is that incoming virus seems to be degraded within the cell before transcytosis has a chance to occur.
Extracellular virus titres increased only slightly during the course of infection of ECV with SFV, but it should be borne in mind that this is partly provoked by serum de-activation of the virus-containing media. This becomes especially obvious in fig. 3 . In summary, it seems that infection of ECV is only one of several pathways for invasion of SFV into underlying tissues. Infection of ECV with high multiplicities of SFV leads to cytopathic effects, i.e., destruction of cells and hence breakdown of the barrier formed through tight junctions. This leads to random invasion by parental and progeny virus and also to ingress of lymphocytes and other infectable blood ~e l l s .~~-~O Production of interferons might protect endothelial cells to some extent against attack by SFV and it seems to be produced abundantly by ECV. On the other hand it might also facilitate cytotoxic effects of l e u c~c y t e s~~ and might even promote migration of infected leucocytes31 via stimulation by interleukin 1 .57 Recombinant y-interferon has been shown to stimulate lymphocyte adhesion via ICAM-1 u p r e g~l a t i o n~~ and human yinterferon to increase T-lymphocyte adherence to HUVEC.59 This could then lead to increased penetration of infected lymphocytes. Furthermore, interferon has been reported to cause endothelial cell damage60 and other cytokines to be directly involved in the break-down of the blood-brain barrier.61 Hence the action of interferon can be both beneficial and harmful. Like the trophoblast layer of the human placenta, which acts as an additional barrier to the transmission of infection from mother to fetus and which is also able to produce interferons,62 production of interferon by human umbilical vein endothelial cells might be a regulated protection mechanism against alphaviral infection.
The pathogenesis of alphaviral infection is only poorly understood. This is one of the reasons for the current lack of efficient therapeutic remedies. Acute encephalitis is the most dangerous complication SEMLIKI FOREST VIRUS PATHOGENESIS 3 1 caused by alphaviral infections and often has a fatal outcome. Alphavirus-caused diseases not only affect man but also domestic animals. Western equine encephalitis (WEE) and Venezuelan equine encephalitis (VEE) attack both man and animals and can lead to severe complications, especially in Discovering how the viruses get to their targets could lead to new insights into pathogenesis and facilitate the search for methods of prevention and cure.
